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Cold Molecules
 Molecules with a low translational energy
T Mean velocity 
<v> [m/s]
Doppler 
[MHz]
Transit time* 
[kHz]
Natural 
[Hz]
300 K 650 303 276 16
1 K 38 17.5 16 16
1 mK 1.2 0.55 0.5 16
CH3 (M = 15) v3 (3,160 cm-1)  μ10=0.1 D
*1 mm diameter laser radiation 
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High-Resolution Spectroscopy
v3 Absorption of CH3 (slit jet) Davis et al.    J. Chem. Phys. 107, 5661 (1997)
0
closely overlapping transitions. Since the energy level differ-
ences for each nuclear hyperfine component are known52
from microwave studies and the relative intensities of the
four multiplet transitions can be calculated exactly from vec-
tor coupling algebra, the observed rovibrational line profiles
can be least-squares fit as a sum of four overlapping Gauss-
ians with the same instrumental Doppler width. The results
are plotted in Fig. 4~b!; each individual nuclear hyperfine
transition is plotted as a dashed line, while their sum, which
accurately reproduces the experimental data, is plotted as a
solid line. The least-squares fits indicate an OH Doppler
width of Dn5105(2) MHz, which is in reasonable agree-
ment with Dn598(3) MHz predictions from scaling the ex-
perimentally observed HF dimer Doppler widths by the ratio
of absorption frequencies and the square root of the mass.
This would be consistent with a slit translational temperature
of '30 K and 'fourfold enhancement in spectral resolution
over Doppler limited linewidths under typical discharge cell
conditions.
There are a number of groups that have combined dis-
charges with slit supersonic expansions.40–43 The present de-
sign, however, differs significantly from all but one42 of
these in the absolute magnitude of the applied currents in-
volved; the typical peak currents of 1–3 A for the present
pulsed discharge system are a factor of '10–100 greater
than the 3–80 mA values typically used previously. As noted
above, however, the combination of supersonic flow veloci-
ties and confinement upstream of the slit orifice leads to only
2 ms residence times in the discharge environment, which
limits quite advantageously the extent of secondary radical–
radical reactions. With such large currents and such short
exposure times in the discharge region, it is worth consider-
ing the kinetics of radical formation in more detail.
At the most basic level, for example, one would like to
understand the fractional dissociation efficiency of H2O to
form OH radical in the discharge. Due to uncertainty in the
electron energy distribution in the discharge, the fragmenta-
tion mechanism for H2O is not clear, but two predominant
channels would include direct electron impact dissociation
H2O1e2!OH1H1e2, ~1!
and electron impact excitation of rare gas ~Rg! diluent fol-
lowed by Penning dissociation
Rg1e2!Rg*1e2, ~2a!
Rg*1H2O!OH1H1Rg. ~2b!
From integrated absorbance measurements, the OH radical
density at the slit orifice is estimated to be 1.3
31014 radicals/cm3, which for a 0.1% mixture of H2O in
400 Torr of diluent translates into a 1% fractional efficiency
for dissociation per H2O molecule. This analysis confirms
the initially surprising result that fragmentation of molecules
in the discharge is not a probable event even at 1–3 A levels
of peak current. The simple reason behind this is the 1 mm
length of the discharge and 2 ms residence time for super-
sonic flow conditions, which limits the extent of possible
molecular fragmentation to perturbative levels. Conse-
quently, one anticipates the rate limiting step to be OH for-
mation, and thus that experimental OH densities should scale
linearly with discharge current.
A plot of the OH density at the probe region as a func-
tion of discharge current is shown in Fig. 6, which clearly
supports the anticipated linear dependence on current. If one
makes the reasonable assumption that the OH formation rate
at fixed energy is proportional to the number of electron
collisions in the discharge, the cross section for the process
can be inferred from the magnitude of the slope. The electron
flux for a 1 A discharge current and 300 mm34 cm slit cross
section is '531019 e2/cm2/s, which implies a net electron
fluence of '1014 e2/cm2 over the 2 ms residence time. From
the absolute OH absorbance measurements, this fluence pro-
duces '231014 radicals/cm3 behind the slit orifice. For OH
radical production to be dominated by process ~1! would
require a 10216 cm2 cross section for direct electron impact
dissociation of H2O, which is 1 to 2 orders of magnitude
larger than determined from previous studies.59 Alterna-
tively, if OH production occurs via process ~2!, then a 1000-
fold higher concentration of Ne is present for the Penning
excitation step, which would translate into a more reasonable
electron impact excitation cross section of 10219 cm2. Of
course, this mechanism also requires an additional dissociat-
ing collision of the metastable species with H2O, but at 0.1%
H2O in 400 Torr of first run Ne, the mean time between
collisions with H2O is nearly an order of magnitude shorter
than the 2 ms residence time. Thus, the more probable of the
two mechanisms for OH formation would appear to be elec-
tron excitation of metastable rare gas atoms followed by col-
lisional Penning dissociation. In any event, dissociation
yields in the discharge and contributions from radical–
FIG. 6. Plot of the measured OH concentration as a function of the dis-
charge current. The near linear trend is consistent with the OH production
being limited by the electron fluence, and not by subsequent radical–radical
kinetics even at 1014/cm3 radical densities.
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(1,0) (1,1) transition! and the widths of these peaks ~dif-
fering by 60 MHz for the two features in the (2,2) (1,1)
transition!. As is shown below, the res lution of each transi-
tion into multiple lines is due predominantly to spin–rotation
splittings, whereas the variation in spectral widths predomi-
nantly reflects nuclear hyperfine interactions.
The Hamiltonian used for the analysis of the CH3 infra-
red spectrum may be divided into three parts
H5H rot1Hsr1Hhf , ~3!
where H rot is the symmetric top rotational Hamiltonian with
centrifugal distortion corrections up to the fourth power in
rotational angular momentum, including the Coriolis and
l-type doubling corrections for the excited state. Hsr is the
spin–rotation interaction Hamiltonian where only the ebb
and ecc terms are nonvanishing because of molecular sym-
metry. The expression for the spin–rotation splittin of a
given (N ,K) level may be written as
Dnsr52~N11/2!$ebb2~ebb2ecc!K2/@N~N11 !#%.
~4!
In the previous study of the n2 band by Yamada et al.7 the
spin–rotation splittings were found to be completely domi-
nated by ebb , with ecc53(63) MHz. In our present analysis
of n3 , ecc is held fixed at this previously determined value
~i.e., equal to zero within uncertainty! in both lower and
upper states, while ebb is varied in a least-squares fashion.
The hyperfine term in Eq. ~3!, Hhf , has previously been
considered for CF3 by Endo et al.75 This may be written as a
sum of isotropic and anisotropic terms
Hhf5a fS–I01 (
a50,6
S–Ta–I2a , ~5!
where a f51/3(a f11a f21a f3) is the isotropically averaged
value of the Fermi contact interaction for three equivalent
hydrogen atoms, and the summation reflects the dipole–
dipole interaction tensor, Ta . Although this tensor anisot-
ropy contributes to hyperfine structure at some level of spec-
tral resolution, this is shown at the end of this section to be
negligible for CH3; we thus fix the tensor term to zero in all
the fits.
With this simplified Hamiltonian, a least-squares fit is
performed as follows. For a purely isotropic hyperfine inter-
action, the splittings for a given (N ,K) level are dependent
only on the Fermi contact term a f and spin–rotation con-
stants ebb and ecc , which are calculated by straightforward
matrix diagonalization of the Hamiltonian matrix for the up-
per and lower levels. The relative intensity of each spin–
rotation/nuclear hyperfine sub-transition may then be ex-
pressed analytically as a product of degeneracy and angular
momentum factors
Intensity}F @~2F811 !~2F11 !#1/2H J8 F8 IF J 1J
3@~2J811 !~2J11 !#1/2HN8 J8 SJ N 1J G 2, ~6!
where the brackets denote 6-J symbols and the primes indi-
cate the vibrationally excited state. Specifically, the position
and relative intensity of each spin–rotation/hyperfine, i.e.,
(DJ ,DF), s btransition may be determined for given values
of a f , ebb , and ecc in both the ground and v351 excited
state. This provides a stick spectrum, which is then convo-
luted with a Gaussian of a given width (DnG). We have also
taken advantage of the more general spectral codes of
Pickett76 to provide independent verification of the fine/
hyperfine structure calculations used in the line shape analy-
sis, as well as to assess the effects of neglecting anisotropy in
the hyperfine tensor interactions. The resulting profile is then
compared to the observed spectra, and the residuals mini-
mized in a least-squares fashion.
Each of the five (DN ,DK) transitions are recorded mul-
tiple times and least-squares fit as described above, with the
spin–rotation and nuclear hyperfine constants in both the
ground and v351 vibrationally excited state and a single
Gaussian width as the variable parameters. Alternatively, all
five (DN ,DK) absorption profiles are fit simultaneously,
yielding one set of constants and one Gaussian width consis-
tent with all five (DN ,DK) transitions. This method allows
extraction of a f and ebb in both the ground and excited state.
FIG. 9. All four transitions from the I51/2 manifold. The resolved lines
result from spin–rotation splitting, while the broadening is due to nuclear
hyperfine structure. The solid line going through the data is the least-squares
fit of a sum of Gaussians for each individual hyperfine transition. The zero
of frequency corresponds to each unsplit (DN ,DK) transition origin.
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hyperfine structure: 
unresolved
50MHz
voltage at one of the jaws is shown in the bottom trace of
Fig. 2. The transient increase in the jaw voltage magnitude
~arrow ‘‘a’’! is a measure of the voltage drop across the
ballast resistor, which in turn is a direct measure of the in-
stantaneous current through the discharge. This current accu-
rately maps out the actual gas density as measured ~with
'350 ms time delay! by a microphone 20 cm downstream of
the slit valve. The magnitude of the applied voltage ~300–
1000 V! and the ballast resistance ~0.1–1 kV! control the
discharge current, with values ranging from a few mA up to
3.5 A. As depicted in Fig. 2, these discharge currents are
maintained throughout the duration of the gas pulse, and turn
off as the valve closes. Both the magnitude and uniformity of
the slit width are reproducibly determined by precision spac-
ers mounted between the two electrically isolated jaws and
removed after assembly.
Initially, attempts were made to bias the two jaws with
respect to each other and thereby strike a confined discharge
across the slit orifice. However, it was soon found that any
large positive voltage on either jaw ~with respect to ground!
resulted in an erratic and visibly nonuniform discharge, irre-
spective of the potential difference between the jaws. Con-
versely, equal negative voltages on both jaws ~with respect
to ground! resulted in a uniform glow discharge confined
behind the expansion orifice with much higher and more
stable discharge currents. The origin of this difference was
quickly established by monitoring ballast currents; the stable
discharge occurs when struck from the slit orifice across the
vespel insulator and therefore upstream of the expansion ori-
fice ~see Fig. 3!.
This sensitivity to the sign of the bias is a result of the
intrinsic asymmetry in a flowing discharge medium. Specifi-
cally, for expansions in ‘‘first run Ne’’ diluent ~i.e., 70%
Ne/30% He!, the gas at the throat of the slit orifice is flowing
at '5.03104 cm/s; these velocities are in fact quite compa-
rable to Ne1 drift velocities ('105 cm/s) predicted from ion
mobilities50 under typical discharge conditions behind the
nozzle ~'2.5 kV/cm, 400 Torr!. Due to efficient translation-
to-translation energy transfer for ion-buffer gas collisions,
the bulk otion of the gas therefore significantly enhances
cationic mobilities in the direction of the flow. Conversely,
the much higher mobility of the electrons results in drift
velocities ('53106 cm/s) greatly in excess of the bulk flow
rates;51 thus, more stable glow discharge conditions can be
achieved with the cations moving downstream with the flow
of gas towards the vacuum chamber. Indeed, this slit dis-
charge device has already been demonstrated39 as an intense
source of supersonically cooled molecular cations such as
H3O1 and HN21 with densities ('1012 ions/cm3) sufficient
for high-resolution spectroscopic study by direct absorption
laser methods. Alternatively stated, supersonic gas flows ex-
hibit nonlinear ‘‘diodelike’’ electrical properties due to the
large difference in mobility between the dominant negative
and positive charge carriers in a neutral plasma.
There are several key advantages of this slit discharge
design for direct absorption study of radicals. First of all, the
FIG. 1. A schemat c of the experimental appar us relevant to the generation
of radicals is shown above. Both the pulsed valve driver and the timing
circuits for the high voltage transistors are triggered simultane usly by the
computer. The ballast resistors and the applied voltage are varied depending
on the desired discharge current. High radical densities and a stable dis-
charge ar efficiently achieved when a high negative voltage is applied to
both sides of the slit orifice, thereby striking the discharge across the insu-
lator to the body of the pulsed valve ~see text for details!.
FIG. 2. The timing of the various elements required for the electrical dis-
charge. The top trace displays the intensity of the gas pulse ~shifted forward
by '350 ms to compensate for time-of-flight! as measured by a microphone
downstream of the expansion. The middle trace displays the voltage mea-
sured at one of the slit jaws in the absenc of any gas, which is gated around
the gas pulse. The bottom trace displays the voltage measured at one of the
jaws with both the gas and voltage pulses applied. Arrow a , divided by the
ballast resistance is a measure of the discharge current, while arrow b is a
measure of the discharge voltage.
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M(amu)             2                16                  78
  300K            70 pm          25 pm           11 pm
     1 K           1.3 nm        440 pm         200 pm
0.1 mK         130 nm          44 nm           20 nm
 10 nK            13 µm         4.4 µm             2 µm
“classical”       1Å               3Å                  5Å
    size        100 pm          300 pm         500 pm
large matter wave : below 1 K
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Cold Ion-Molecule Reactions
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tempcold hot
Negative temperature effect
in ion-neutral reaction
neutral-neutral reactions?
T:   5K - 100 K
Interstellar Chemistry
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M(amu)             2                16                  78
  300K            70 pm          25 pm           11 pm
     1 K           1.3 nm        440 pm         200 pm
0.1 mK         130 nm          44 nm           20 nm
 10 nK            13 µm         4.4 µm             2 µm
“classical”       1Å               3Å                  5Å
    size        100 pm          300 pm         500 pm
large matter wave : below 1 K
Collision and reaction dynamics
   Interference of molecular dB waves
Coherent control of reactions
Separation of chiral molecules
Quantum information processes
Cold Molecules
2. Collision Dynamics / Coherent Control
thermal de Broglie length
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Motivation
Spatially confine (chemically unstable) molecules
DC static fields
  Paul trap 
  Anti-Helmholtz trap
 
AC fields
  Optical lattice
  MW trap
translational velocity : v<10 m s-1
Ultra-high-resolution spectroscopy  
Cold Chemistry
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Zeeman vs Stark Effects
HˆS =  µ ·E HˆZ =  µ ·H
Stark Zeeman
Hamiltonian
dipole moment electric dipole1 D = 3.3564 ×10-30 Cm
magnetic dipole
1 µB = 9.274×10-24  JT-1
field electric20 kV / 5 mm   = 4 MV m-1
magnetic
10 T
shift
      µE = 9.72 ×10-5 aJ
           = 4.9 cm-1 
           = 7.0 K
   µB H = 9.28×10--5 aJ  
           = 4.6 cm-1 
           = 6.8 K
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Magnetic Field
 on December 17, 2010rspa.royalsocietypublishing.orgDownloaded from 
HCO Zeeman splitting
Hˆ = HˆR + HˆSR + Hˆhf + HˆZ
HˆZ = µ (g`L+ gSS+ gII+ gNN) ·H
Boland et al. 
Proc. R. Soc. Lond. A 360, 507 (1978).
Hamiltonian
Free radicals have a large permanent magnetic 
moment due to an unpaired electron.
Zeeman term
N=1, Ka=1
LFS
HFS
|NMNKi|SMSi
At high field, spin is well decoupled
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Zeeman splitting of CH3
LFS
HFS
Any ground rotational state has 
a LFS component. 
The ground rotational state 
can be decelerated.
More universal
!
Stark shift/splitting of CH3I
LFS
HFS
Only LFS are decelerated
Lower rotational states become HFS at high fields
The rotational ground state cannot be decelerated.
Only small molecules
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High Field Solenoid Coil @ CRUCS
30 turns Solenoid coil
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700 A  -  5 T
M. Raizen (Texas, Austin)
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High Field Solenoid Coil @ CRUCS
30 turns Solenoid coil
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5×6 turns
cast iron 
disk
9.6mm
3mm
20.8mm
z
M. Raizen (Texas, Austin)
v=400 m/s   →   4µs/1.5 mm
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High Field Solenoid Coil @ CRUCS
30 turns Solenoid coil
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5×6 turns
cast iron 
disk
9.6mm
3mm
20.8mm
z
rise time  : 60 us fall time  : 3.5 us
current
magnetic field
700A
M. Raizen (Texas, Austin)
v=400 m/s   →   4µs/1.5 mm
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1st Generation Zeeman Decelerator 
15 coils
Phys. Chem. Chem. Phys 15, 1772 (2013)
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1st Generation Zeeman Decelerator 
15 coils
Phys. Chem. Chem. Phys 15, 1772 (2013)
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1st Generation Zeeman Decelerator 
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total resistance  
       0.42 Ω   (RT)
       0.36 Ω   (liq N2 )
Liq. N2 cooling
700A  :  4.9 T
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16O2 (X˜3⌃ g ) Hˆ = HˆR + HˆSR + HˆSS + HˆZ
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|1, 1, 1i
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|N, J,MJi = |1, 2, 1i
Simulation
15 coils
coil switching
molecular 
distribution
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transverse distribution
16O2initial velocity : 250 m/s
400 A switching
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|N, J,MJi = |1, 2, 1i
Simulation
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400 A switching
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O2 Detection : 2+1 REMPI
C
2+1 REMPI
McCann, Chen, Datskou, Evans, Chem Phys. 174, 417 (1993)
v’=0
v’=1
v’=2
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J 00 = 2
O2 REMPI Detection
F3(
3⇧2)
J” levels are not completely resolved
Hund’s Case (a)
Hund’s Case (b)
assignments
rotational temp   3 - 5 K
Katsumata et al. 
J. Elec. Spec. Rel. Phenom. 41, 325 (1986). 
J 00 = 1
J 00 = 0
F2(
3⇧1)
F3(
3⇧2)
69480 69600 cm-169520 69560
J 00 = 2
J 00 = 1
J 00 = 0
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F2(
3⇧1)
F3(
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69480 69600 cm-169520 69560
J 00 = 2
J 00 = 1
J 00 = 0
Simulation
900850800750700
TOF (us)
OFF
ON
Experiment
OFF
ON
900850800750700
Decelerated peak
target
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VacuumChamber
2nd Generation : 80 Coils
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VacuumChamber
2nd Generation : 80 Coils
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“CRUCS” Pulsed Valve
Opening time  ~ 25 us
Low & High stagnation pressure (1 - 10 bar)
able to operate at liq. He temp
A A
5.0
1.6 TYP.
4
.0
SECTION A-­A 
SCALE 2 : 1
Plastic Spacer/Adapter for Thread
Grounded ElectrodeHV Electrode
Plastic
Spacer
D
C
B
A A
B
C
D
1234
1234
REV.
1
DESCRIPTION
ENGINEERING  PROTOTYPE
ECO  No.
0000
DATE
14-­JUL-­10
DES.  BY
P  DJURICANIN
REV. DESCRIPTION ECO  No. DATE DES.  BY
TITLE: MECHANICAL
JIG  PIN  HOLDER
PART  NO.
TMZ-­0001A
REV
1
SHEET
1  OF  1
NOTES:  UNLESS  OTHERWISE  SPECIFIED
1.  DIMENSIONS  ARE  IN  MILLIMETERS
2.  MATERIAL:  DELRIN,  NYLON  TYPE  6,  PEEK
3.  DEBURR  &  BREAK  ALL  EDGES   MACH
SURFS
       1.6
TOLERANCES:
LINEAR:    (MM)
X                       0.3
X.X               0.15
X.XX           0.05
X.XXX       0.025
ANG  (DEG)
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X.X           0.1
X.XX       0.05
25µs
30µs
40µs
60µs
R
E
M
P
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800700600500400300
TOF / usec
Opening Times
 15_us
 25_us
 30_us
 40_us
 60_us
 80_us
15µs
80µs
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TOF (micro sec)
80-coil system
253 m/s
205 m/s
158 m/s
102 m/s
52 m/s
O2 seeded in Kr @ 135 K (65 us open)
52 m/s ~ 4 K
320 m/s ~ 200 K
320 m/s
364 m/s 
     ± 34 m/s
original beam
decelerated peaks
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16O2 (X˜3⌃ g )
|N, J,MJi
|1, 1, 1i
|1, 1, 0i
|1, 2, 2i
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69480 69520 69560 69600
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REMPI Spectra of Decelerated O2 
|J=1, MJ=0,1> ( and  |J=2,MJ=2> ) are decelerated.
F2(
3⇧1)
F3(
3⇧2)
69480 69600 cm-169520 69560
J 00 = 2
J 00 = 1
J 00 = 0
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Trapping of Decelerated O2 
Anti-Helmholtz Coil
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Trapping of Decelerated O2 
Anti-Helmholtz Coil
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Trapping of O2  in a Static Magnetic Field
A
A
SECTION A-­A 
SCALE 2 : 1
D
C
B
AA
B
C
D
1 2 3 4
1 2 3 4
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REV
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1.  DIMENSIONS  ARE  IN  MILLIMETERS
2.  MATERIAL:  DELRIN,  NYLON  TYPE  6,  PEEK
3.  DEBURR  &  BREAK  ALL  EDGES  MACH
SURFS
      1.6
TOLERANCES:
LINEAR:    (MM)
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X.XXX      0.025
ANG  (DEG)
X.              0.5
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anti-Helmholtz coil trap
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Trapping of O2  in a Static Magnetic Field
A
A
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TITLE:MECHANICAL
JIG  PIN  HOLDER
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SHEET
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NOTES:  UNLESS  OTHERWISE  SPECIFIED
1.  DIMENSIONS  ARE  IN  MILLIMETERS
2.  MATERIAL:  DELRIN,  NYLON  TYPE  6,  PEEK
3.  DEBURR  &  BREAK  ALL  EDGES  MACH
SURFS
      1.6
TOLERANCES:
LINEAR:    (MM)
X                      0.3
X.X              0.15
X.XX          0.05
X.XXX      0.025
ANG  (DEG)
X.              0.5
X.X          0.1
X.XX      0.05
anti-Helmholtz coil trap 600 A
E! ~ 4T ~ 3.6cm-1
    ~ 52m/s (O2)   
E┴ ~ 1T ~  1.1cm-1
     ~ 28m/s (O2)  
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Trapping of O2  in a Static Magnetic Field
Solenoid BSolenoid A
O2
UV laser
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Trapping of O2  in a Static Magnetic Field
Solenoid BSolenoid A
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30Wednesday, 18 June, 14
Trapping of O2  in a Static Magnetic Field
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Trapping of O2  in a Static Magnetic Field
Solenoid BSolenoid A
O2
UV laser
The first trapping signal 
of Zeeman decelerated molecules
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REMPI Spectra of Decelerated O2 
F2(
3⇧1)
F3(
3⇧2)
69480 69600 cm-169520 69560
J 00 = 2
J 00 = 1
J 00 = 0
1R32
2S31
1S32
O2/Kr
320 m s-1
196 m s-1
145 m s-1
79 m s-1
69480 69520 69560 69600
cm-1
42 m s-1
Trapped
O2  in the |J=1, MJ=0,1> state are trapped
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Deceleration of Free radicals
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Deceleration of Free radicals
Methyl Radical: CH3
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CH3 
A planer oblate top moleculeHigh-resolution Spectroscopy
Detected in Space
H. Feuchtgruber, F.P. Helmich, E.F. van Dishoeck and C.M. Wright, 
                                                                                               Astro. J. 535, L111 (2000).
First Identification: 
           G. Herzberg and J. Shoosmith, Can. J. Phys. 34, 523 (1956)
Matrix isolation spectroscopy:
           D. E. Milligan and M. E. Jacox, J. Chem. Phys. 47, 5146 (1967)
Flash Photolysis IR spectroscopy:
           L. Y. Tan, A. M. Winer, and G. C. Pimentel, J. Chem. Phys. 57, 4028 (1972).
ν2 band high-resolution IR (606.45 cm-1):
           C. Yamada, E. Hirota, and K. Kawaguchi, J. Chem. Phys. 75, 5256 (1981)
           C. Yamada, and E. Hirota, J. Chem. Phys. 78, 669 (1983)
                        µ10=0.28 D
ν3 band high-resolution IR (3160.82 cm-1):
           T. Amano, P. Bernath, C. Yamada, Y. Endo, and E. Hirota, 
                                                                           J. Chem. Phys. 77, 5284 (1982)
                        µ10=0.1 D
(slit jet) S. Davis, D.T. Anderson, G Duxbury, and D. J. Nesbitt, 
                                                                          J. Chem. Phys. 107, 5661 (1997)
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J.Phys.Chem. A 111, 3932(2007)
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Reactive Species
Ahren W. Jasper et al, 
J.Phys.Chem. A 111, 3932(2007)
CH3 + OH Barrierless reaction
A. M. Morrison et al, 
J.Phys.Chem.A 116, 5299(2012)
CH3 + O2 →  CH3OO at 0.4K
Cold chemistry !
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CH3 
ortho-para modification
Closed cycle IR transitions
structure levels are quite sensitive to both DN and N . For
discussion purposes, these fine structure transitions are there-
fore labeled as ‘‘allowed’’ (DN5DJ) and ‘‘satellite’’ (DN
fiDJ) components, respectively. In addition to these spin–
rotation splittings, each J level couples with the nuclear spin
I to form the total angular momentum F5J1I. The nuclear
hyperfine splittings of the different F levels are greatly en-
hanced by the presence of the free electron via a Fermi con-
tact interaction, the details of the effect depending on both
the magnitude and sign of the Fermi contact term a f . The
magnitude of these splittings may be estimated from previ-
ous ESR measurements66–71 and the spin–rotation splittings
determined from the n2 studies. The predicted spin–rotation
splittings are .200 MHz even for the low J states in the
supersonic jet, which can be fully resolved with the current
apparatus. The nuclear hyperfine splittings are considerably
smaller, typically on the order of '50–100 MHz; this is on
the order of the instrumental sub-Doppler line width and
therefore contributes to a significant broadening and/or split-
ting of spectral line profiles in the slit discharge expansion.
B. Spectra and analysis of jet-cooled CH3
The methyl radical is produced by expanding a mix of
1% methanol and 99% first run Ne through a 1 A pulsed
discharge. Shown in Fig. 8 is a sample data scan ~16 aver-
ages at each point! around the (1,1) (0,0) transition fre-
quency reported by Amano et al.73 revealing relatively
strong absorptions over a structured spectral feature with at
least three peaks. The integrated absorption of this transition
and the experimentally74 measured n3 transition dipole mo-
ment (0.02960.005 Debye) indicate methyl radical densities
of 631012/cm3. In addition to the obvious ‘‘excess’’ addi-
tional structure, fits of Gaussian profiles to the three peaks
yield varied and broadened widths. Specifically, initial at-
tempts at modeling the absorption profile as three overlap-
ping Gaussians required FWHM values differing from one
another by as much as 50 MHz, whereas from many previous
line shape studies in this slit expansion, variations of less
than a few MHz would be typical. As indicated in Fig. 8 and
described in detail below, this structure can be quantitatively
explained by including both spin–rotation and nuclear hyper-
fine splitting.
Of the four predicted (N8,K8) (N9,K9) transitions for
the I51/2 manifold, two @(2,2) (1,1) and (1,0) (1,1)#
had been seen previously.73 The transition frequencies of the
two unobserved transitions, (0,0) (1,1) and (2,0) (1,1),
are determined from the fitted constants. All four are reduced
in intensity from the I53/2 transition due to Ho¨nl–London
factors and a twofold smaller nuclear spin weight. Neverthe-
less, as shown in Fig. 9, the high CH3 density in the slit
discharge provides adequate signal to noise to detect all four.
As with the (1,1) (0,0) I53/2 transition, each rovibra-
tional transition displays additional fine structure, both in
varying number of peaks ~up to four distinct features for the
FIG. 7. Schematic of the rotational energy levels for both the ground and
v351 vibrationally excited state of CH3. The rotational states marked with
dashed lines in the vibrational ground state are strictly forbidden by nuclear
exchange symmetry. At supersonic jet temperatures of '25 K, essentially
all of the population collapses into the two lowest spin allowed rotational
states. The five dipole allowed transitions from these two states are indicated
above, with the one I53/2 transition marked as a grey line, and the four I
51/2 transitions marked as solid lines. FIG. 8. Sample data scan ~dots! over the one I53/2 transition, (N ,K)
5(1,1) (0,0), of methyl radical. The shape of the absorption profile is
dictated by both spin–rotation and nuclear hyperfine splitting. The magni-
tude of the splittings and the positions of each sub transition are shown in
the tree above. A stick spectrum is plotted below, along with the Gaussian
from each sub transition plotted in grey. The upper–lower state nuclear
hyperfine constants, spin–rotation parameters, and a single Gaussian width
are varied in a least-squares fashion to fit the experimental data ~solid line!.
5668 Davis et al.: Radicals in slit supersonic discharges
J. Chem. Phys., Vol. 107, No. 15, 15 October 1997
Downloaded 11 Oct 2012 to 137.82.65.43. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
Davis et al.    J. Chem. Phys. 107, 5661 (1997)
study of ortho-para conversion
IR laser cooling
Sympathetic cooling with Li/Rb
T.V. Tscherbul et al.  
Phys. Rev. Lett. 106, 073201 (2011).
Various possibilities to cool 
below 1 mK
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Production of CH3 
CRUCS valve
  Liq. N2 cooling
  Opening time : 30~60us
  4- 6 bar pressure
Discharge period: 150us
FWHM beam width 50 us
A compact radical beam
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4p 2A002  X˜ 2A002 000
CH3 Detection : 2+1 REMPI
B. Martı ́nez-Haya, et al. Chem. Phys. Lett. 311, 159 (1999)
Rydberg transition
resonant at 4×17,470cm-1
O2 at 4×17,400cm-1
37Wednesday, 18 June, 14
4p 2A002  X˜ 2A002 000
CH3 Detection : 2+1 REMPI
B. Martı ́nez-Haya, et al. Chem. Phys. Lett. 311, 159 (1999)
Rydberg transition
resonant at 4×17,470cm-1
O2 at 4×17,400cm-1
Black, Powis J. Chem. Phys. 89, 3986 (1988)
rotational assignments
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CH3 Radical Beam
Black, Powis J. Chem. Phys. 89, 3986 (1988)
rotational temp <5 K
17510 17500 17490 17480 17470 17460 17450 17440
R(1)
S(0)
S(1)
O(2)
Q
photolysis of CH3I
N”=0 : N”=1    2:1
Discharge of CH4/Ar 
with a cold nozzle (150K)
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CH3 Radical Beam
Requirements for the Zeeman deceleration:
       High-density, low rotational temperature, well collimated, slow, 
       and background free radical beam 
Detection is 1 m downstream of a nozzle.
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CH3 Radical Beam
high rotational temperature
Requirements for the Zeeman deceleration:
       High-density, low rotational temperature, well collimated, slow, 
       and background free radical beam 
UV dissociation of CH3I
UV dissociation or discharge of Di-tert-butyl peroxide
Detection is 1 m downstream of a nozzle.
strong background REMPI signal
peroxide vs CH4 discharge
17510 17500 17490 17480 17470 17460 17450 17440 17430
S(0)
S(1) R(1)
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Discharge of CH4/Ar
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Production of CH3 
CH3 signals are most intense at 150 K
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(3) Cooling nozzle to 150 K makes 
the beam slow and intense
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Deceleration of CH3 : 80 Coil System
241 m/s
268 m/s
310 m/s
348 m/s
382 m/s
436 m/s
target: 520 m/s
Sample: 6.2bar 20%CH4/Ar
Nozzle: 140K
Strong transverse focusing
CH3 beam is less collimated
Both N = 0 and 1 states 
are decelerated
17510 17500 17490 17480 17470 17460 17450 17440
R(1)
S(0)
S(1)
O(2)
Q
R
E
M
P
I I
nt
en
si
ty
 (a
.u
.)
70000 69960 69920 69880
Two-Photon Energy (cm-1)
R(1)
S(1) S(0)
42Wednesday, 18 June, 14
Deceleration of CH3 : 80 Coil System
Sample: 5bar 30%CH4/Kr
Nozzle: 150K
target: 420 m/s
70 m/s
42 m/s
55 m/s
42 m/s
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Any non-singlet state of molecules 
can be decelerated and trapped.
(1) high-resolution spectroscopy of CH3
Doppler width  < 500  kHz
40 ms-1 v? ⇠ 1 ms-1
(5) sympathetic cooling with ultracold Rb/Li (<100 uK)
(2) Cold collisions of CH3
  1 K ~ dB length   0.5 nm
(3) Cold reactive collisions between CH3 and O2/OH
(4) ortho-para conversion of CH3
volume 4 mm3 
45Wednesday, 18 June, 14
Acknowledgements
Yang Liu Pavle DjuricaninSida Zhou
Prof. Mark Raizen
 (Texas Austin)
Wei Zhong (MSc 
student) CRN
Yang Liu (PFD) 
Zeeman
Polly Yu 
(Undergrad 
student) RbH
Cindy Toh 
(Undergrad 
student) 
Parahydrogen 
Matrix 
isolation
Pavle Djuricanin 
(technical RA) 
Everything
Sida Zhou (PhD 
student) 
Zeeman Omid 
Nourbakhsh 
(PhD student) 
Stark
Jeff Lee 
(Undergrad 
student) He 
dropets
Jun Miyazaki 
(Visiting Prof) 
Parahydrogen 
Matrix 
isolation
Andrew Wong 
(Undergrad 
coop student) 
Mchanical 
engineer
MArio Michan 
(PhD Student) 
PbH /Lyman-
Alpha
Taka Momose
missing
Eric Miller (PhD student) UCN, Xe comagnetometer Dr. David Carty  
(visitor from 
Durham Univ, until 
Sept 20)
Dr. David Carty
 (Durham, UK)
Cindy Toh (RI10)
Watheq Al-Basheer (RI12)
Tony Mittertreiner
(UBC/EES)
46Wednesday, 18 June, 14
